We review the physics motivation for studying rare B decays and the increasing possibility that CP violation can be experimentally observed in the B meson system.
Introduction
We are interested in studying rare B decays for all the standard, nonstandard reasons: looking for flavor changing neutral currents, trying to find evidence. -even indirect evidence from their virtual presence -for a fourth generation or supersymmetric partners of the known particles, etc. We are interested in studying CP violation in B decays for the _ same reason that CP violation is studied elsewhere: establishing its origin and character.
-... In particular, we want to know whether it is due to a phase in the quark mixing matrix, i.e.;a mismatch between quark mass eigenstates and quark weak eigenstates, or comes from physics at a very much higher scale, e.g., as a phase difference between the lefthanded and right-handed sectors in a left-right symmetric electroweak gauge theory.
As we have just noted, the standard model allows for CP violation in the form of a phase originating in the quark mixing matrix, the Kobayashi-Maskawa (K-M) matrix.'
When there are three generations of quarks and leptons, there is one CP violating phase and any difference of rates between a given process and its CP conjugate process has the form -r -F a coef. X s~s2s3sgc1czc3 , where we employ for definiteness the original parametrization of the matrix' in terms of -three angles 8i with i = 1,2,3, plus a phase 6 and sg = sin 6, si = sin Bi and c; = cos 8;.
Our present experimental knowledge allows us to make the approximation: ~1~2~3 M 1, which is good to an accuracy of a few percent.
The combination of sines and cosines of K-M angles that occurs in Eq. (1) is mandatory for a CP violating effect with three generations. It is precisely this combination of .factors that occurs in the determinant of the commutator of mass matrices introduced by Jarlskog,2 to formulate a general condition for CP violation, if her basis-independent condition is restated in the K-M parametrization.
We see explicitly from Eq. (1) that the presence of non-zero mixing for all three generations is required in order to have a CP violating effect. This is not surprising; we know that with only two generations there is no CP violation from the quark mixing matrix (all the potential phases can be absorbed into the quark fields) and this is exactly the situation we would be in if we set one of the mixing angles to 0 or z/2 and decoupled one of the generations from the other two. -.
When we form a CP violating asymmetry we divide a difference in rates by their sum: r-IT Asymmetry = ~ r+r * If we do this for K decay, the decay rates for the dominant hadronic and leptonic modes all involve a factor of sf , i.e., essentially the Cabibbo angle squared. A CP violating asymmetry will then have the general dependence on K-M factors:
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The right-hand-side is of order 10m3 (see the discussion below). This is both a theoretical plus and an experimental minus. The theoretical good news is that CP violating asymmetries in the neutral K system are naturally at the lob3 level, in agreement with the 2 measured value of 1~1. The experimental bad news is that, no matter what the K decay -process, it is always going to be at this level, and therefore difficult to get at experimentally with the precision necessary to sort out the standard model explanation of its origin from other explanations.
Note also that because CP violation must involve all three generations while the K has only first and second generation quarks in it (and its decay products only involve first generation quarks), CP violating effects must come about through heavy quarks in loops. There is no CP violation arising from tree graphs alone. This is not the case in B decay (or B mixing and decay). First, the decay rate for the leading decays is very roughly proportional to si, which happens to be much smaller than the corresponding quantity (ST) in K decay. But more importantly, we can look at decays which have rates that are K-M suppressed by factors of (~1~2~3) The benchmark process in rare B decays is B --f Kpp. In the standard model this decay proceeds through an "electromagnetic penguin" diagram and should occur with a branching ratio of a few times lo-6. There does not seem to be any reason to expect important competition from long range effects and this process should be a clean test of one loop effects in the standard model.3 The presence of a fourth generation' could increase the branching ratio appreciably to perhaps a few times 10S5.
The same basic one-loop diagram can lead to a real photon and result in the decay b + s + 7 at the quark level, or B * K* + 7, B + K** + 7, etc. at the hadron level.
Here QCD corrections are absolutely critical: They change the GIM suppression in the amplitude from being in the form of a power law, (rni -mz)/M$, to the softer form of a logarithm, Zn(m:/mz). Th' 1s corresponds to an enhancement by one to two orders of magnitude5-' over the rate expected from the simplest one-loop electroweak graph. 8 4 The inclusive process at the quark level, b + s7, should occur with a branching ratio of roughly' 10m3; exclusive modes like B + K*7 and B --+ K**7 are estimated at 5 to 10% of this.5 Again a fourth generation could enhance this rate by an order of magnitude or so.' The extension to a supersymmetric world is more interesting. The obvious new diagrams come from putting the supersymmetric partners of the quarks and the W in the loop of the "electromagnetic penguin" diagram. Much more important," however, is the transition from a "penguin" to a "penguino," the "penguin" diagram involving a gluino and a squark. Because it involves strong interaction couplings rather than weak ones, it competes (and interferes) with the QCD enhanced "electromagnetic penguin"
and produces a branching ratio of order a few times 10s3.
Turning away from one-loop processes, the decay B-+ r-v7 is predicted to occur at the level of a few times 10e5. It would permit the direct measurement of the parameter f~, which is an ingredient of the theoretical expression for AA&B (which results in B -B one.
-A second and more direct way to get at the phase involves the one well-measured CP violation parameter, E, in the neutral K system. It is assumed that c arises from short distance effects, i.e., the box diagram with virtual c and t quarks. This gives the relation:
X sfszsssshm~ + r/2s2(s2
If everything else in this relation were known (which it is not), we would have a direct handle on the phase 6. The factors ~1, r]z, and r]3 are due to strong interaction (&CD) . Equations (5) and (6), as written, are strictly valid when rnp 5 A&, but numerical evaluation of the correct expression, 13 which we use in the analysis that follows, shows _.
that even for mt ti A& the changes in the coefficients of the last two terms in brackets
are not large.
As we have already explained, the factor S:S~S~S~ must appear in Eq. (5); it does. 
is rather narrowly constrained.
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As we go to larger values of mt, a bigger range of angles is allowed. Increasing mt to 60 GeV, we can have (for B ti l/3) the quantity ~2~3~6 M 2.5 x 10e3, its maximum allowed value independent of mt. As mt increases still further, the constraint in Eq. (6) due to 1~1 is seen to generally favor smaller values of ~2~3.~6.
The parameter E', which measures CP violation in the K decay amplitude itself, arises in the standard model from diagrams involving heavy quarks in loops, the so-called . "penguin" diagrams. By inserting experimentally measured quantities, the contribution to E' from the "penguin" operator contribution to K + ?rrr can be writtenl' _.
where Qc is the "penguin" operator in the short distance expansion of the strangenesschanging weak Hamiltonian, l8 Im& is the imaginary part of the corresponding Wilson coefficient with the K-M factor taken out, and h2rl,ql and 62e, are corrections due to z" -v -.
and z" --.q' mixing, and to "electromagnetic penguins," respectively.
After various calculational mistakes were settled, the factor (1 -Rtl,+ + n,,) may still result !' in anything betweeen a -30% decrease and a small increase in c'/e. The value of -0.1 for Im?$, is relatively stable from calculation to calculation if the renormalization scale is taken as a few hundred MeV, since the imaginary part depends on momentum scales from m, to mt where the short distance expansion is well justified. The value of the matrix element of Qc is much less certain. If it is large enough to explain the experimental magnitude of A(K + ?TT), i.e., roughly 1 or 2 GeV3, then, combined with the value of S~SQS~ needed to fit 1~1 ( see above), it yields the prediction that C'/E is of order +10e2. This was the basic observation in Ref. 18 : If the "penguin" operator is to be an explanation of the AI = l/2 ru e 1 and thus the magnitude of A(K --) ?TX), then E'/E should be at roughly the 1% level.
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Over the past nine years there have been many calculations of c//c. The prediction -depends on the favorite values of the matrix element, of mt, and of ~2~3~6 at the time.
Because of this, one needs to be very careful in comparing the results of these calculations. This is particularly true with respect to the variation in the favorite value of mt over the years. As mt has risen, the predictions for 2/c have correspondingly gone down (because the constraint due to E forces ~2~3~6 down as mt goes up)."
This past year has seen two important new experimental results for E/E'. First came the preliminary result from a test run of the Fermilab experiment:21 E'/E = 3.5f 3.0f 2.0 x 1o-3 , and then this past summer, the preliminary result from the CERN experiment22 2/c = 3.5 f 0.7 f 0.4 f 1.2 x 1o-3 .
Both exp.eriments have the capability of eventually decreasing both their statistical and systematic error bars below the lOI level. We will have to wait and see if the central value of c'/c remains non-zero by many standard deviations when the combined error bars shrink to this level.
While we wait, we can ask in any case whether the present central value, if it persists, is consistent with the standard model. The answer is yes, particularly if the value of mt is large. 23 One perspective on this is gained by turning the situation around and instead of predicting 8/c, assuming that c'/e = 3.5 f 1.4 x 10m3, and then asking what combined Wilson coefficient, "penguin" matrix element, and electromagnetic corrections would produce such a result. In the future, when the experimental situation settles down with small error bars, this is what we will be doing: We will use E'/E to measure the magnitude of 9 the "penguin" operator contribution to K decay, and then check how well this agrees -with lattice gauge theory calculations of the same quantity.
If mt = 45 GeV, there is not too much room to maneuver and still satisfy the constraint of getting the correct value of 161. Using the limits in Eq. (7), Eq. (8) The outcome of this exercise, recalling that a value for the matrix element of the "penguin" operator of 1 to 2 GeV2 is large enough to make it a plausible explanation for the AI = l/2 rule, is that the. "penguin" contribution to the K -+ 7~ amplitude is unlikely to be negligible. It may well be very important. It would seem that the wind . .
is blowing in the direction of the standard model and the explanation of CP violation in -terms of the K-M phase.
-CP Violation in B Decay
The possibilities for observation of CP violation in B decays are much richer than for the neutral K system. The situation is even reversed, in that for the B system the variety and size of CP violating asymmetries in decay amplitudes far overshadows that in the mass matrix.
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To start with the familiar, however, it is useful to consider the phenomenon of CP violation in the mass matrix of the neutral B system. Here, in analogy with the neutral K system, one defines a parameter c~. .It is related to p and q, the coefficients of the B"
and B", respectively, in the combination which is a mass matrix eigenstate by
The charge asymmetry in BOB" --) .f!*~!* + X is given by26 o(BOBO + i!+e+ +X) -c7(B0B0 + e-e-+X) I;l" -IFI" o(BOBo + e+e+ + X) + Q(BOBO + e-e-+ X) = Ig" + I;["
where we define < B"IH\B" >= A4 12 -iI'i2. The quantity IMi2\ is measured in B -B mixing and we may estimate l?12 by noting that it gets contributions from B" decay channels which are common to both B" and B", i.e., K-M suppressed decay modes.
This causes the charge asymmetry for dileptons most likely to be in the ballpark of a few times 10m3, and at best 10m2. .For the foreseeable future, we might as-well forget it experimentally.
Turning now to CP violation in decay amplitudes, in principle this can occur whenever -there is more than one path to a common final state. For example, let us consider decay to a CP eigenstate, f, like $K,".
Since there is substantial B" -B" mixing, one can consider two decay chains of an initial B" meson:
where f is a CP eigenstate. The second path differs in its phase because of the mixing 
In the particular case of decay to a CP eigenstate, the quantity Im t > fp is given entirely by the K-M matrix and is independent of hadronic amplitudes. It is instructive to look not just at the time -integrated asymmetry between rates for a given decay process and its CP conjugate, but to follow the time dependence, 27 In none of these cases are the dashed and solid curves distinguishable within "experimental errors" in drawing the graphs. This is simply because IpI is so large that even with "big" mixing the second path to the same final state has a very small amplitude, and hence not much of an interference effect.
A much more interesting case is shown in Fig. 2 for the time dependence at the quark level for the process 6 -+ ECS (solid curve) in comparison to that for b + CES (dashed curve). At the hadron level this could be, for example, Bd in comparison to Bd decaying to the same, (CP self-conjugate) final state, $K,". As discussed before, IpI = 1 13 in this case. The advantages of having Am/I' for the Bz system as suggested by ARGUS (Fig. 2b ) rather than previous theoretical estimates (Fig. 2a) are very apparent. When we go to mixing parameters expected for the B," system ( Fig. 2c) , the effects are truly spectacular. In fact, in this last case the time average asymmetry is washed out by the many oscillations in one lifetime and a study of the time dependence of the asymmetry is a necessity. Figure 3 illustrates the opposite situation to that in Fig. 1 ; mixing into a big amplitude from a small one. We are explicitly comparing the quark level process 6 + acd Another possibility is to have spectator and annihilation graphs contribute to the same process. 2g Still another is to have spectator and "penguin" diagrams interfere. This 14 latter possibility is the analogue of the origin of the parameter c' in neutral K decay, but -as discussed previously, there is no reason to generally expect a small asymmetry here. Indeed, with a careful choice of the decay process, large CP violating asymmetries are expected.
Note that not only do these routes to obtaining a CP violating asymmetry in decay rates not involve mixing, but they do not require one to know whether one started with a B or B, i.e., they do not require "tagging." These decay modes are in fact "self-tagging" in that the properties of the decay products (through their electric charges or flavors) themselves fix the nature of the parent B or B.
Even with potentially large asymmetries, the experimental task of detecting these effects is a monumental one. When the numbers for branching ratios, efficiencies, etc.
are put in, it appears that lo7 to lo8 produced B mesons are required to end up with a significant asymmetry (say, 3a), depending on the decay mode chosen. 25 This is beyond . . -. / the samples available today (of order a few times 105) or in the near future (-106). On the other-hand, it is possible to envision such samples at new electron-positron colliders, fixed target experiments, and at hadron colliders, especially the SSC.25 A great deal of experimental work needs to be done to explore both technique and physics to achieve the goal of observing CP violation in the B system. A good start has already been made. With the excitement within the experimental community that has been growing over the past few years, it begins to seem likely that in the next five years we will see the experimental situation develop to the point that this physics is capable of being attacked. 15 
